
I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

P E R S P E C T I V E S :  M A R T I A N  C L I M A T E  

A Message  from  Warmer Times 
1 ,  

Matthek P. Golornbek 
When the  Sojourner  rover  crawled  over  {he  posed  of poorly sorted  material  beneath an 
Pathfinder  landing  site on Mars last ye,ar, armoring veneer of dark gray granules, as 
the  images if returned'in&ca%?f%at {he could  be seen in the  trenches  created by 
site had changed little from  when it $as  the  rover[JUSl. These  have been interpreted 
created by catastrophic  floods s o m e t w  as lag  deposits (9, also indicative of net 
%billion years (Ga)  ago ( I ,  2 ) .  This  (b-  erosion  or  deflation of the  landing  site. 
servation  provides  quantitative  constfaints  The  presence of fluted and  grooved rocks 
on the rate of change at tbe  landing  site  also  argues  for  erosion by discontinuous 
since that  time. The  Pathfinder  data, taden flow IJU6Jof crystalline sand-size particles 
together with those from the  recent Glokl carried by the  wind (8). 111 contrast, wind- 
Surveyor mission'$ and  from  deposition at the  Pathfinder  site is 
Viking  missions,  suggest an to n few  dunes,  including a bar- 
and  wetter  environment with featwe imaged by the 
ent erosion rates and a  argues for formation 
change on Mars between  then 
and now. 

he  Pathfinder mission 
t h e k s t  to  obtain  direct d& 
a smk scale. Remote sFsing 
from %king  spacecraft has 
provided'@ages  of ,&e area 
where  Pat?finder lqided[~ul], 
at a  scale of a Vlorneter or 
greater, Co ' arison of these 
images, such%(ihe image of 
the  Ephrata Fa$' s f  the  Chan- 
neled S c a b l a n d r J U V ,  with 
an Earth au$og sug ests that 
this region @I Mars is covered 
with streaqlined hills; a'xidge- 
trough  roeky  surface;  perched, 
overlappmg,  and partiallv 

I 

"A 

round& tabular roc&; from saltating [JUSIsand-size pains (6>. 
ando*us 

The  unfinished  nature of the ventifacts 
fans ;on Earth. These  features 
tent with the ones observed by 
and indicate that the  site  has 
little since  it  formed  about 
dgo ( I ,  3-5). 1 cles was  greater [JU9](8).  The small num- 

and  their different  orientation from other 
wind-driven  features has led  to the sug- 
gestion that the dunes may have  formed 
earlier when the  supply of sand-size parti- 

Erosional  features  such as an exposed ber of  the  dunes,  which  are less than I5 cm 

dunes  and  other  ripple-like lag depqs-  redistribution of predominantly localIy de- 
itsrJU4I (see figure), and  ventifacts  (stones rived  sand-size  material at comparatively 
worn  by windblown  sands) are abuudantlat [N~o]slow rates of  less  than 0.08 nm per 

year. 
the site has  undergone  net  deflation or ldss 
of material (2. 6). The 5- to 7-cm-thibk the  different  features  at  the  Pathfinder  site 
redder  band along the base of sevc 'd severely l imit  the overall  erosion  or  defla- 
rocks.  interpreted to be a deflated soil hp- ! tion of materids to less tlmn 0.1 nm per 
rizon, and the sculpted  erosion&  wind ta Js year (or d G a )  over  the  past 3.5 to 1.8 Ga. 
behind rocks that are less thdLvcm n e  rim  heights of smau craters at the  site 

(2 ,  6 )  suggest  exttemeIy Ltow deflatiQn are  similar to those  expected for fresh 

ndyear), albeit less precise, constraints on 
features and at least some of the dun& erosion rates at the  Pathfinder (9) and  the 
such as  Mermaid Dune,  appear to be  com- Viking I [JUllllanding sites (10) and sug- 

gests that a cold and  dry environment, 
The author is at the  jet Propulsion Laboratory, S i m i l a r  to today's, has prevailed  since that 
California Institute of Technology, Pasadena, $A time[JL'121. 
91109, USA. E-mail mgolombek@jpI.nara.gov ' A variety of observations by Pathfinder 

former soil horizon, sculpted  wind t4s, higll, suggests  that are the Of 

the Pathfinder landing site* suggesting '4" Taken together, these rate estimates for 

rates, of around 0.01 to 0.08 nanometen '(1 Martian This piaces (cl 
= 1 ~ 9  m) per yenr. Tile 

1 
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, , ,  

indicate that the earlier Miutiim climate 
was wanner M C I  wetter than today's  desic- 
cnting environment Roundcd pcbblcs  and 
cobbles ( 7 ) .  evidence  for  abundant  sand- 
size PiWicleS (@, and possible  conglomer- 
ates ( 7 )  at the  Pathfinder  landing  site sug- 
gest an early fluvial environmeut with 
relativcly  abundant  liquid  water.  Airborne 
dust particles collected by the  Pathfinder 
magnetic tnrgets further  support this hy- 
pothesis ( I ] ) .  The particles are  composite 
silicates containing a highly  magnetic min- 
eral interpreted to be  maghemite.  This 
mineral  may  have  freezedried as a stain or 
cerneut from liquid water that had previ- 
ously  Ieached  iron from crustal materials 
in an active  hydrologic cycle. Pathfinder 
detected  sand-size particles at the  landing 
site, whereas  none  could  be  seen in lower 
resolutiou  Viking  images[nIl3].  The  Path- 
finder  data  suggest  that  sand-size particles 
may be abundaut on Mars. a  conclu- 
sion[JUl4jconsistent with recent  Mars or- 
biter camera  high-resolution  images 
[J~~ISIreturned by  Mars  Global  Surveyor 
(12) .  On Earth, sand  typically forms via 
water-dominated  weathering,  erosional  and 
depositiona1  processes  that  mechanically 
break  down  rocks  into  smaller  fragments 
(13), which may be  another  indicator of a 
warmer and wetter  past on Mars. 

The suggestion  that  the  early Martian , enviroument  was  warmer  and  wetter is not 
new [see,  for  example, (14)]. VaIley net- 
works (at  least  one of which,  Nanedi  Val- 
lis, shows  a  central fluvial channel  in  high- . resolution MOC[Ju16] images,  presumably 
formed by running  water)  and  associated 
dry lake  beds (14); possible  shore lines, 
beaches, and tenaces  infemng  a northern 
oceM ( I s ) ;  and  rimless,  degraded craters 
in ancient  heavily  cratered terraiu (16, 17) 
have all been  described  in  Viking  orbiter 
images and used to argue for a warmer and 
wetter  past in which  liquid  water  was  an 
integral  part of the  environment. Erosion 
rates calculated from changes in crater 
number and shape  formed at x to y pars  
before  present rJuI71are 3 to 5 orders of 
magnitude  higher (0.1 to 10 kdyear) than 
those  calculated for more  recent times, and 
are  comparable to those in some  alpine  and 
periglacial  environments on Earth (16, 18). 

Our knowledge of the Martian surface 
layer  developed  from  remote  sensing  ob- 
servations,  image analysis, and  observa- 
tions at the three  landing sites [~~18]agrees 
with the very slow  erosion rates described 
ubove and  suggests that since  the  Hespe- 
ri.m [W19], a sulface layer with a thiclaess 
of up to several tens of meters has  been 
redistributed  around Mars (19). This layer 
likely consists of sand- and dust-sized  par- 
ticles that  are  collected and transported by 
the wind (20). Dust  can  be  deposited  and 
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removed at much grcatcr rates than sanh 
over short time periods[W!ol. For exarty 
pie, deposition of dust 011 Pathfinder's sd- 
l a r  panels during the 3 tnonths of the mi$- 
sion has been estimated at roughly 20 
pm/ye;lr (7, 21) .  But this value canncjt 
represent long-term averages, as such high 
rates would result in the accumulation f 
meters of dust within a comparative1 
short span of a million years. Howeve , 
there seem to be other areas that are n t 
sinks for this matcriul. For exampl i , 
Amazonis Planitia's thermal inertia, radar, 
and imaging properties suggest that this is 

I 

meters in thickness (19). The large 

Amazonian time [JU22]are on the order of 
nanometers per year, comparable in ma 
nitude to erosion rates in 
Noachian[JC23]. 

AI1 these data seem to point to a si 

the past, but when this occurred is not I 

tightly constrained because of the unce#- 
tainties in the proposed crater density timk 
scales[m24] (5). All three landings were i 
areas of Early Amazonian to Middle He$ 
perian age [JU25]and thus document thf 
present-day dry ,  desiccating environme t 
since 3.1 to 3.7 Ga. In contrast, .all$ 
networks appear to be dominantly >3.5 t 
3.8 Ga in age (14). The impact 
tion of many valley networks 
gests that they may have 
end of heavy bombardment around 3.9 GA 
(22). Future missions to Mars, especialt 
in areas that are sinks for dust 
should give further clues about past clii 
mate change on Mars[Ju26]. j '  

I 
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When  Mars was wet. Mosaic of the Mars Path- 
finder  landing site and the Sojourner  Rover ac- 
quired in the late  afternoon of sol 2[JU32]. The 
low sun  emphasizes  the  bright  wind  tails  be- 
hind  rocks  such as Barnacle Bill  and others im- 
mediately to the left of the rover.  The sculpted 
appearance of these wind  tails  suggests that 
they  are  dominantly  erosional forms. The peb- 
bly surface on which the rover  sits and the dark 
areas to  the right of the rover  are  interpreted 
as a lag deposit in which  finer  grained  particles 
haw been  removed by the wind. 
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